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The effects of the entrance channel and shell structure of reacting nuclei on the experimental
evaporation residues have been studied by analysing the 40Ar + 176Hf, 86Kr + 130,136Xe, 124Sn +
92Zr and 48Ca + 174Yb reactions leading to the 216Th∗ and 222Th∗ compound nuclei. The measured
excitation function of evaporation residues for the 124Sn + 92Zr reaction was larger than that for
the 86Kr + 130Xe reaction. The experimental values of evaporation residues in the 86Kr + 136Xe
reaction were about 500 times larger than that in the 86Kr + 130Xe reaction. These results are
explained by the initial angular momentum dependence of the fusion excitation functions calculated
in framework of the dinuclear system concept and by the differences in survival probabilities calcu-
lated in framework of advanced statistical model. The dependencies of the fission barrier and the
Γn/Γf ratio on the angular momentum of the excited compound nucleus are taken into account.
PACS numbers: 25.70.Gh Fusion and fusion-fission reactions, 25.70.-z Heavy ion induced reactions and
scattering, 25.70.Gh Compound nucleus and 27.80.+w 190≤A≤219
I. INTRODUCTION
The study of the role of entrance channel in the for-
mation of evaporation residues is an actual problem to
establish the optimal conditions for the synthesis of new
superheavy elements. Comparison of excitation func-
tions of evaporation residue (ER) measured for different
mass-asymmetry reactions but leading to the same com-
pound nucleus (CN) allows us to analyze the importance
of the entrance channel effect on the fusion-fission re-
action mechanism in collisions of massive nuclei. Often
excitation functions of evaporation residues, measured in
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various reactions leading to the same compound nucleus,
are different not only in the position of the maximum but
also in the value of their maximums.
The analysis of data obtained from experiments in GSI
(Darmstadt) and Flerov Laboratory of Nuclear Reactions
(Dubna) reveals that the maximum value of the ER cross
section for 40Ar+176Hf [1, 2] is twelve times larger than
for 86Kr + 130Xe [3] and three times larger than for 124Sn
+ 92Zr [4]. All of these reactions lead to the same excited
216Th∗ compound nucleus. The 40Ar+176Hf reaction has
a larger mass asymmetry (ηA = (A2 − A1)/(A1 + A2))
in comparison with the two others. But intriguing phe-
nomenon is that the measured maximum value of the
ER for 124Sn + 92Zr is four times larger than for 86Kr
+ 130Xe, nearly at the same E∗ value, though the mass
asymmetry (|ηA| = 0.148) of the 124Sn + 92Zr reaction
is smaller than the one of 86Kr + 130Xe (0.204).
In case of 48Ca + 174Yb [5] and 86Kr + 136Xe [3] re-
actions leading to the excited 222Th compound nucleus,
2the comparison of the measured data on the cross section
of evaporation residues does not show strongly the role
of mass asymmetry of entrance channel.
The influence of the neutron number on the measured
ER was studied in reactions with 86Kr on the 130Xe and
136Xe targets. The difference between the experimental
data in above mentioned reactions shows to be connected
by the dependence of the strength of quasifission on the
entrance channel, namely on the mass asymmetry and
shell structure of colliding nuclei.
The entrance channel dependence of the distribution
of reaction strength has been studied for three systems,
namely 32S + 182W, 48Ti + 166Er, and 60Ni + 154Sm,
which all lead to the compound system 214Th in com-
plete fusion reactions [6]. The maximum contribution
of complete fusion-fission process to the fission-like cross
section is estimated on the basis of expected angle-mass
correlations for such reactions. The results show a strong
entrance channel dependence as predicted by the extra-
push model.
The role of entrance channel effects was studied in [7]
where the reactions with 40Ar and 84Kr leading to the
same 200Po CN were analysed. Comparison of the mea-
sured excitation functions for the isotopes 200−xnPo pro-
duced in the 40Ar + 160Dy and 84Kr + 116Cd reactions
showed that the (Ar, xn) cross sections are larger by fac-
tors of 2 ÷ 4 than the corresponding (Kr,xn) values. In
the experiment of this group, an effect of the entrance
channel on the formation and decay of 158Er produced in
reactions with either 40Ar and 84Kr, as well as on the de-
excitation of compound nucleus by neutron evaporation
was not considered [8]. In reactions of massive projec-
tile and target nuclei, the competition between complete
fusion and quasifission appears at the stage of CN forma-
tion, in addition to the increase of its fission probability.
Even in the case of mass-asymmetric collisions, an inhibi-
tion of the fusion was recently observed in the experiment
by Hinde and his colleagues [9]. The 12C +204Pb, 19F +
197Au and 30Si + 186W reactions leading to the same
216Ra nucleus have been studied. The authors stressed
that there is a significant inhibition of the reduced fusion
cross section (σ˜ = σ/πλ−2) for reactions with 19F and
30Si, being (0.64 ± 0.09) and (0.57 ± 0.08), respectively,
of those for 12C.
According to the macroscopic dynamical model
(MDM) [10] the ”extra push” energy, which is needed
to transform dinuclear system into compound nucleus, is
smaller for asymmetric reaction than for more symmet-
ric one leading to the same compound nucleus. The same
effect of the mass asymmetry of the projectile-target pair
on the probability of compound nucleus formation is
obtained in models based on dinuclear system concept
(DNS) [11, 12, 13, 14, 15]. In the DNS concept, fusion
is considered as nucleon transfer from the light fragment
to the heavy one. From these theories it follows that in
reactions with nuclei of symmetric masses there is an in-
hibition for the fusion, and the quasifission appears as a
competing channel with complete fusion.
Quasifission reactions are binary processes that exhibit
some of the characteristics of fusion-fission events, such
as the full relaxation of the relative kinetic energy and a
considerable transfer of mass between the two fragments.
The basic difference between fusion-fission and quasifis-
sion is that compound nucleus formation is not achieved
in the latter mechanism. Anyhow, it is difficult to estab-
lish directly in the experiment the origin of fusion-fission
fragments.
The aim of this paper is to analyse the role of the mass
asymmetry and shell structure in fusion-fission reactions
by comparison of the difference between the experimen-
tal data for the 40Ar + 176Hf [1, 2], 86Kr + 130Xe [3] and
124Sn + 92Zr [4] reactions leading to the 216Th∗ com-
pound nucleus and 48Ca + 174Yb [5] and 86Kr + 136Xe
[3] reactions leading to the 222Th∗ compound nucleus.
A model based on the DNS concept [11] allows one to
estimate both contributions of fusion-fission and quasifis-
sion processes. It reveals the competition between these
processes for a massive system or for a symmetric en-
trance channel in the case of mid-heavy systems. Calcula-
tions based on the DNS-concept show [12, 13, 14, 15, 16]
that entrance channel effects are important to describe
the experimental data in the case of collisions of mas-
sive nuclei. It allows us to estimate the decrease of the
fusion probability due to increase of the quasifission pro-
cess. Calculations of the competition between complete
fusion and quasifission process include the peculiarities
of shell structure and shape of colliding nuclei. That
allows us to reach useful conclusions about the mecha-
nism of the fusion-fission process. As an example, the
measured fission excitation function for the 40Ar+176Hf
reaction obtained from the detection of reaction products
of symmetric masses is compared with the calculated fu-
sion excitation function. It should be stressed that those
products could be formed not only at the fission of a hot
CN but at quasifission of DNS which lives long enough to
reach mass equilibration in the subsequent re-separation
process.
The dynamical approach to the formation and evolu-
tion of DNS [16] in a pair with the advanced statistical
model (ASM) [17] shows a good agreement of the calcu-
lations with the experiments in a mid-heavy (non-fissile)
region of CN [16].
The structure of the article is as follows. Basic features
of the dynamical approach and the advanced statistical
model are described in Section II. In Section III and
IV, we compare the results of calculation with the exper-
imental data and discuss the effect of entrance channel on
reaction mechanism. Conclusions are presented in Sec-
tion V.
II. EVAPORATION RESIDUE PRODUCTION
IN THE DNS CONCEPT
According to the DNS concept, evaporation residue
production is considered as a three stage process. The
3first step is overcoming the Coulomb barrier in motion
along the axis connecting nuclear centers by nuclei at the
incoming stage of collision, and formation of nuclear com-
posite (molecular-like so-called dinuclear system). This
stage is called capture. The second one is transforma-
tion of the DNS into more compact compound nucleus
in competition with quasifission process. At this stage,
the system must overcome the intrinsic barrier (B∗fus)
on the potential energy surface during evolution on mass
(charge) asymmetry axis. For light and intermediate nu-
clear systems or for heavy nuclear systems with larger
mass asymmetry, this barrier is equal to zero and cap-
ture immediately leads to fusion. Therefore, in those
cases, the fusion cross section is calculated in the frame-
work of well known models [10, 18, 19, 20]. This bar-
rier will be discussed later. It should be stressed that
complete fusion is a transfer of all the nucleons of the
projectile (or light nucleus) into the target. Due to large
inertia parameter of deformation the change of nuclear
shape from the initial state is not so large and the size
of overlap region of nuclei is small: it is about 5-6% of
the total volume. Therefore, the interacting nuclei retain
their shell structure during interaction.
At the third stage, the hot compound nucleus cools
down by emission of neutrons and charged particles.
There is a chance of nucleus to undergo fission at each
step of the de-excitation cascade. Therefore the evapo-
ration residues cross section is determined by the partial
fusion cross sections and survival probabilities of the ex-
cited compound nucleus:
σer(E) =
ℓd∑
ℓ=0
(2ℓ+ 1)σfusℓ (E)Wsur(E, ℓ). (1)
Here, the effects connected with the entrance channel
are included in the partial fusion cross section σfusℓ (E),
which is defined by the product of partial capture cross
sections and the related fusion factor (PCN ) taking into
account competition between complete fusion and quasi-
fission processes:
σfusℓ (E) = σ
capture
ℓ (E)PCN (E, ℓ), (2)
σcapturel (E) =
λ2
4π
Pcaptureℓ (E). (3)
Here λ is the de Broglie wavelength of the entrance chan-
nel; Pcaptureℓ (E) is the capture probability which depends
on the collision dynamics and is determined by the num-
ber of partial waves (ℓd) leading to capture.
The potential energy surface is built as a function
of the mass (charge) asymmetry and relative distance
between centers of nuclei forming DNS. B∗fus is deter-
mined by the difference between the maximum value
of the driving potential U(Z,A,Rm) and its value at
the point corresponding to the initial charge asymme-
try of the considered reaction (Fig.1). For example, in
top panel of Fig.1, B∗fus is shown for the
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FIG. 1: Driving potential U(Z,A,Rm; l = 0) as a function of
the charge number Z of a fragment of a DNS calculated by
(4) using binding energies from the nuclear data in [21] (top
panel) and those obtained with the liquid-drop model (middle
panel). The vertical arrows indicate the initial charge number
of light nuclei in the 40Ar+176Hf (I) [1, 2], 86Kr + 130Xe (II)
[3] and 124Sn + 92Zr (III) [4] reactions leading to 216Th. The
intrinsic B∗fus (top panel) and quasifission Bqf (bottom panel)
barriers are shown as a function of the charge number of a
DNS fragment.
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FIG. 2: Potential energy surface U(Z,A,R; l = 0) as a func-
tion of the distance R between the centers of the nuclei and
charge number Z of a fragment.
4reaction. If the excitation energy of dinuclear system,
E∗DNS = Ec.m. − V (Rm, ℓ), is not enough to overcome
B∗fus then the dinuclear system may immediately decays
into two fragments or its decay occurs after multi-nucleon
transfer from heavy fragment into light one. Both of de-
cays are called quasifission. So quasifission fragments can
be of different mass asymmetry. Quasifission occurs due
to motion along relative internuclear distance R and DNS
should overcome the barrier (Bqf ) defined by the depth
of well of V (R) (see insert in bottom panel of Fig. 1).
The U(Z,A,Rm) is extracted from the potential en-
ergy surface U(A,Z;R, ℓ) (4), which is a function of mass
A = A1 (or A2 = ACN − A) and charge Z = Z1 (or
Z2 = ZCN − Z) of one of fragments forming the DNS at
the values Rm of the internuclear distance correspond-
ing to the minimum of their nucleus-nucleus potential
V (R) (8); ACN and ZCN are mass and charge of com-
pound nucleus, respectively. The total potential energy
U(A,Z,R; ℓ = 0), calculated by this way for the 216Th
CN, is presented in Fig.2. The distribution of neutrons
between two fragments for the given proton numbers Z
and Z2 (or ratios A/Z and A2/Z2 for both fragments)
was determined by minimizing the potential U(A,Z;R)
as a function of A for each Z:
U(A,Z;R, ℓ) = U(A,Z, ℓ, β1, α1;β2, α2)
= B1 +B2 + V (Z, ℓ, β1, α1;β2, α2;R)
− (BCN + VCN (ℓ)). (4)
Here, B1, B2 and BCN are the binding energies of the
nuclei in DNS and of the CN, respectively, which were
obtained from [21, 22]; βi are the fragment deformation
parameters and αi are the orientations relative to the
beam direction; VCN (ℓ) is the rotational energy of the
compound nucleus. The Rm is the position of this min-
imum (bottom of the pocket) on the R axis for a given
mass of fragment A. The smallest excitation energy value
of the CN is determined by the absolute maximum value
of the driving potential lying on the way to fusion (Z = 0)
from the point corresponding to the initial charge asym-
metry (Fig.1). The shapes of the potential energy surface
and driving potential depend on the orientations of nuclei
relative to the axis connecting the centers of interacting
nuclei. The presented results were obtained by averaging
the contributions of different orientations.
A. Capture
The capture cross section is defined by the number of
partial waves which lead colliding nuclei to trap into the
well of the nucleus-nucleus potential. The number of the
partial waves ℓd was obtained by solving the equations
of motion for the relative distance and orbital angular
momentum taking into account dissipation of collective
kinetic energy [14, 16]:
µ(R(t))
··
R +γR(R(t))
·
R (t) = −∂V (R(t))
∂R
, (5)
dL
dt
= γθ(R(t))
(
θ˙R2eff − θ˙1R21eff − θ˙2R22eff
)
, (6)
where R(t) is the relative motion coordinate;
·
R (t) is the
corresponding velocity; θ˙, θ˙1 and θ˙2 are angular velocities
of the DNS and its fragments, respectively; γR and γθ
are the friction coefficients for the relative motion along
R and the tangential motion when two nuclei roll on each
other’s surfaces, respectively; V (R) is the nucleus-nucleus
potential; µ(R(t)) is the reduced mass of the system:
µ(R) = m0ATAP /Atot (7)
where Atot = AT + AP ;m0 is the nucleon mass; AT
and AP are mass numbers of the target- and projectile-
nucleus, respectively;
Reff =
R+R1 +R2
2
, R1(2)eff =
R1(2)
R1 +R2
R ,
where R1(2) is the nucleus radius.
The friction coefficients γR (γθ), i.e., the change in the
nucleus-nucleus potential and reduced mass of relative
motion during the interaction time t, are calculated from
the estimation of the coupling term between the relative
motion of nuclei and the intrinsic excitation of nuclei [23].
The nucleus-nucleus potential includes Coulomb (VC),
nuclear (Vnucl), and rotational (Vrot) potentials:
V (R) = VC(R) + Vnucl(R) + Vrot(R) + δV (R). (8)
A change δV (R) of the nucleus-nucleus potential and the
dynamic contribution δµ(R) to the reduced mass µ(R)
during the interaction time t is taken into account (see
Appendix A of paper [14]).
The nucleus-nucleus potential V (R) depends on the
mutual orientations of the symmetry axes of the de-
formed nuclei relative to R(t). Thus, it is possible to
consider contributions to the fusion for different initial
orientations of the symmetry axes. The quadrupole (2+)
and octupole (3−) collective excitations in spherical nu-
clei are taken into account. Details of this method of
calculation are presented in [14].
B. Fusion
The competition between fusion and quasifission is
taken into account by the factor PCN (E, ℓ) (fusion fac-
tor, hereafter) which is calculated in the framework of
the statistical model. This way was firstly used in [11].
Validity of using of the statistical method is righteous
due to fact that at quasifission a full relaxation of the
relative kinetic energy and mass (charge) asymmetry be-
tween the two fragments takes place [6]. The statistical
5method is acceptable to calculate competition between
complete fusion and quasifission processes due to the fact
that thermal equilibrium is established in the DNS rather
fast, for a few units of 10−22s:
τther = 2.6/T
2
DNS · 10−22s.
Here TDNS is the effective temperature of DNS: TDNS =
3.46
√
E∗DNS/Atot, where E
∗
DNS = Ec.m. − V (Rm) is ex-
citation energy of DNS; Ec.m. is a value of beam energy
in the system of the center of mass and V (Rm) is a mini-
mum value of the nucleus-nucleus potential in the poten-
tial well.
Duration of the quasifission is one order of magnitude
larger than τther . It is more than 5 ·10−21 s which was es-
timated by the analysis of experimental data on quasifis-
sion reactions [24, 25, 26]. The fusion time is longer than
quasifission reaction time. The calculation of mass and
charge yields in frame of microscopic model showed that
formation of DNS with the given mass (charge) asymme-
try changes from 5 · 10−21s to 9 · 10−20s [27, 28, 29]. The
experimental data on study of fusion-fission and quasi-
fission reactions induced by 48Ca and 58Fe projectiles on
232Th, 238U, 248Cm and 249Cf targets [30, 31] showed that
mass and charge distribution can reach their equilibrium
values even in quasifission reactions. It was observed that
products far from initial nuclei could be formed not only
at the fission of a hot CN but at quasifission of DNS
which lives long enough to reach mass equilibration.
Experimentally it is difficult to distinguish between fis-
sion of the compound nucleus and quasifission. Only
analysis of correlation between reaction fragment mass
and angular distributions allows us to estimate a ratio
between contributions of quasifission and fusion-fission
processes. These theoretical and experimental results on
quasifission justify the use of statistical approach to esti-
mate competition of the complete fusion and quasifission
processes. Calculation of complete fusion in competition
with quasifission can be performed in the framework of
statistical methods. The probability of realizing com-
plete fusion is related to the ratio of the level densities,
depending on the intrinsic fusion or quasifission barriers,
by the expression:
PCN =
ρ(E∗DNS −B∗fus)
ρ(E∗DNS −B∗fus) + ρ(E∗DNS −Bqf )
, (9)
where ρ(E∗DNS − B∗K) is the level density for the DNS
which is calculated on the quasifission and intrinsic fusion
barriers (BK = Bqf , B
∗
fus) (all details are in Appendix
A of [14]). The final result for the partial fusion cross is
obtained by averaging over the contributions of different
mutual orientations of the symmetry axes of the reacting
nuclei.
C. Survival probability
The advanced statistical model, described in detail in
[17, 32, 33], allows us to take into account the dynam-
ical aspects of the fission-evaporation competition dur-
ing the evolution of the compound nucleus along the de-
excitation cascade. The model accounts for the angular
momentum and parity coupling; it allows for the neu-
tron, proton, and α-particle multiple emission, as well as
for the fission channel and full γ-cascade in the residual
nuclei.
Particular attention is devoted to the determination of
level densities. These are calculated in the non-adiabatic
approach allowing for rotational and vibrational enhance-
ments. These collective effects are gradually removed
above a certain energy. In the case of rotational enhance-
ment, this energy is related to the Coriolis force which
couples intrinsic and collective motions. The used level
densities acquire a dynamic aspect through the depen-
dence of the Coriolis force and of the rotational enhance-
ment on the nuclear shape, which is, in turn, obtained
from the classical model of a rotating liquid drop. In-
trinsic level densities are calculated using the Ignatyuk
approach [34], which takes into account shell structure
effects and pairing correlations. Use of the correct level
densities is of fundamental importance for the present
analysis as they determine the phase space available for
each channel, the very essence that governs statistical
decay.
In the case of evaporation residue production, one
should also carefully consider the low energy level densi-
ties since in this energy interval most of the evaporation
residues is formed. That is why we use the super-fluid
model of the nucleus [35] in our calculations, with the
standard value of pairing correction ∆ = 12/
√
A MeV.
The yrast lines are automatically included in our calcula-
tions by the requirement that the total excitation energy
should be higher than the rotational energy, otherwise
the level density is set to zero.
For the fission barriers, we use the predictions of the
rotating droplet model (angular momentum dependent)
as parameterized by Sierk [36] and allow for angular mo-
mentum and temperature fade-out of the shell corrections
[17]. This is expressed by the formula for the actual fis-
sion barrier used in calculations:
Bfis(J, T ) = c B
m
fis(J)− h(T ) q(J) δW, (10)
which includes a dependence on temperature of the com-
pound nucleus
h(T ) =
{
1 T ≤ 1.65 MeV
k exp (−mT ) T > 1.65 MeV,
and
q(J) = {1 + exp[(J − J1/2)/∆J ]}−1,
where Bmfis(J) is the parameterized macroscopic fission
barrier [36] depending on the angular momentum J ,
δW = δWsad − δWgs ≃ −δWgs is the microscopic (shell)
correction to the fission barrier taken from the tables
[22] and the constants for the macroscopic fission barrier
6scaling, temperature, and angular momentum dependen-
cies of the microscopic correction are chosen as follows:
c = 1.0, k = 5.809, m = 1.066 MeV−1, J1/2 = 24~
for nuclei with Z ≃ 80–100, ∆J = 3~. This procedure
allows the shell corrections to become dynamical quanti-
ties, also.
Dissipation effects, which delay fission, are treated ac-
cording to [37, 38]. These include Kramers’ stationary
limit [39] and an exponential factor applied to Kramers’
fission width to account for the transient time, after
which the statistical regime is reached. The systemat-
ics obtained by Bhattacharya et al. [40] allows us to take
into account the dependencies of the reduced dissipation
coefficient βdis on the incident energy per nucleon ǫ and
nucleus mass A
βdis(ǫ, A) = aǫ+ bA
3, (11)
where a = 0.18, b = 0.357 × 10−6. βdis is the ratio
between the friction coefficient γ, which describes the
coupling of the fission degree of freedom to the intrinsic
degrees of freedom. This ratio characterizes the dissipa-
tive and diffusive motion. For the investigated reactions,
the βdis values are in (6÷ 7)× 1021 s−1 range.
In the present ASM calculations, the target-projectile
fusion cross section was determined by formula (2). The
survival probability Wsur is defined by the dependence
of fusion cross section on the initial values of the orbital
angular momentum, since such a spin distribution affects
the fission barrier and the Γn/Γf ratio that determine the
evaporation residue production.
III. COMPARISON OF CALCULATED
RESULTS AND EXPERIMENTAL DATA
The difference between measured data on the cross sec-
tion of evaporation residues for 40Ar+176Hf [1, 2], 86Kr
+ 130Xe [3] and 124Sn + 92Zr [4] reactions leading to the
heated 216Th∗, as well as that for 48Ca + 174Yb [5] and
86Kr + 136Xe [3] reactions leading to the heated 222Th∗,
are explained by the dependencies of fusion excitation
functions on the mass asymmetry and shell structure of
colliding nuclei and by the dependencies of survival prob-
abilities on the spin distribution of the excited compound
nuclei produced in these reactions.
A. The reactions leading to 216Th∗
A dependence of the reaction mechanism on the en-
trance channel was studied in experiments with reac-
tions leading to the same compound nucleus. The ex-
perimental data reveal that the maximum value of the
ER cross section for 40Ar+176Hf (I) [1, 2] is twelve
times larger than for 86Kr + 130Xe (II) [3] and three
times larger than for 124Sn + 92Zr (III) [4] (see Fig.3).
The 40Ar+176Hf reaction has a larger charge asymme-
try (ηA = (A2 −A1)/(A1 +A2)) in comparison with the
TABLE I: Charge asymmetry, intrinsic fusion (B∗fus) and
quasifission (Bqf ) barriers, and the fusion factor (PCN ) for
the reactions leading to 216Th∗ CN.
Reactions ηZ B
∗
fus Bqf PCN
(MeV) (MeV)
40Ar+176Hf (I) 0.63 2.31 5.62 0.121
86Kr + 130Xe (II) 0.20 12.31 2.35 0.011
124Sn + 92Zr (III) 0.15 9.87 1.35 0.051
two others (II,III). This result agrees with the conclu-
sions of MDM [10] and DNS models which state that
more asymmetric reactions are favorable for formation of
massive compound nucleus. In MDM, ”extra push” en-
ergy, which is needed to transform dinuclear system into
compound nucleus, is smaller for an asymmetric reaction
than that for a more symmetric one leading to the same
compound nucleus because
Zasym1 · Zasym2 < Zsym1 · Zsym2
, if both of reactions lead to the same compound nucleus
(Zasym1 + Z
asym
2 = Z
sym
1 + Z
sym
2 ). The calculated driv-
ing potential shows that the barrier B∗fus in the way to
fusion (on mass asymmetry axis) is smaller for asymmet-
ric reaction than that for symmetric one; the quasifission
barrier is larger for a more asymmetric reaction (see Ta-
ble I) and as a result the fusion factor PCN becomes
larger in this case. As it is seen from Figs.3a and 3b, the
excitation function of the capture and fusion for reaction
(I) is sufficiently higher than that for reactions (II) and
(III), because potential well of entrance channel for the
(I) reaction is deeper than that for the others. There-
fore, B
(I)
qf > B
(II)
qf , B
(III)
qf (see Table I). The smallness
of B∗fus for the (I) reaction is connected with the pecu-
liarities of the driving potential (Fig.1).
The evaporation residue excitation functions calcu-
lated in this paper using the method presented in Section
II are in good agreement with the experimental data (see
Fig.3c). In these calculations, the partial cross sections
of fusion (2) were used.
It is seen from Fig.3c that the maximum value of the
ER cross section for 86Kr + 130Xe is four times smaller
than for 124Sn + 92Zr near the same value of E∗CN though
the former reaction is more asymmetric than latter. This
fact was one of the impact points of the presented explo-
ration. This phenomenon is explained by the driving po-
tential calculated using binding energies obtained from
the mass table [21]. As one can see in top panel of Fig.1,
B∗fus for the
86Kr + 130Xe reaction is larger than the
one of the 124Sn + 92Zr reaction. Therefore, the fusion
excitation function is lower for the former reaction than
for the latter. So the observed difference between the
excitation functions of evaporation residues for the 86Kr
+ 130Xe and 124Sn + 92Zr reactions is explained by the
difference of B∗fus calculated for these reactions using ex-
perimental binding energies of fragments. The values of
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FIG. 3: Comparison of the calculated capture (a), fusion (b)
and evaporation residue (c) excitation functions as well as the
measured excitation functions of evaporation residue (c) for
40Ar+176Hf (dashed curve, open up triangles [1, 2]), 124Sn
+ 92Zr (dash-dotted curve, solid squares [4]), and 86Kr +
130Xe (solid curve, open circles [3]) combinations leading to
the 216Th∗ CN. The solid triangles in (a) and (b) are the fis-
sion excitation functions obtained from the measurements of
the two symmetric mass fragments for the 40Ar+176Hf reac-
tion [2].
B∗fus is small for the region of the reaction (III) due to
shell effects contained in the nuclear binding energy.
If the driving potential is calculated using the binding
energies B1, B2 and BCN obtained in framework of the
liquid-drop model, then the intrinsic barriers for these
two reactions will be equal B∗fus(II) ≈ B∗fus(III) (see
the middle panel of Fig.1) and the fusion cross section
for the 86Kr + 130Xe reaction will be larger than for
the 124Sn + 92Zr reaction due to differences in quasifis-
sion barriers. This is in contradiction with experimental
data, which indicate that the use of binding energies ob-
tained in the liquid-drop model is not suitable in such an
analysis.
The dependence of B∗fus on the orbital angular mo-
mentum (Fig.4) affects the partial cross sections of fu-
sion (Fig.5). It is seen from top panel of Fig.4 that the
values of driving potential for the fragments of mass less
than A=44 increase and the part for masses larger than
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FIG. 4: The dependence of the driving potential (top panel)
and quasifission barrier (bottom panel) on orbital angular mo-
mentum ℓ(~) as a function of the mass of one of fragments for
the reactions leading to 216Th∗ CN.
A=44 decreases by increase of the values of orbital angu-
lar momentum. Consequently, values of B∗fus increases
by ℓ. But values of quasifission barrier Bqf decrease by
increasing of the values of orbital angular momentum
(bottom panel of Fig.4). As a result the partial fusion
cross section decreases by increase of orbital angular mo-
mentum. This kind of spin distribution of CN formed in
reaction (I) against the beam energy (top panel) has a
larger volume in comparison with reactions (II) (middle
panel) and (III) (bottom panel). But the volume of the
spin distributions of CN corresponding to reaction (III)
is larger than that for reaction (II). This is a result of de-
pendence of the partial fusion cross sections σfusℓ (E) (2)
on the orbital angular momentum of entrance channel.
As seen in middle panel of Fig.5, for the 86Kr + 130Xe
reaction at lowest values of the orbital angular momen-
tum, capture becomes impossible for beam energy larger
than 400 MeV. This is connected to the small size of
the well in the nucleus-nucleus potential and to the lim-
ited value of calculated friction coefficient which leads
to a gradual dissipation of relative kinetic energy [23].
Therefore, the dissipation is not enough to trap colliding
nuclei in the potential well. At the largest values of beam
energy the capture is possible only for high angular mo-
menta (if there is the potential well for the given ℓ). In
this case, the formed DNS can exist in a molecular state,
forming a super-deformed shape, or it undergoes quasi-
fission because B∗fus increases with angular momentum
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FIG. 5: The calculated spin distribution for the 40Ar+176Hf
(top panel), 86Kr + 130Xe (middle), and 124Sn + 92Zr (bot-
tom) reactions at different beam energies Elab.
of the DNS. Therefore, the maximum of the calculated
spin distributions has a tendency to move to larger values
of angular momentum at beam energies well above the
Coulomb barrier. It can be seen in the spin distributions
for 86Kr + 130Xe and 124Sn + 92Zr reactions (Fig.5).
From the analysis of these (I, II and III) reactions lead-
ing to 216Th∗, one can conclude that:
– the influence of the mass asymmetry and peculiarities
of the shell structure on the competition between fusion
and quasifission, and on the fusion-fission mechanism is
strong;
– the difference between fusion excitation functions
deals with the values of B∗fus, which depend on the pecu-
liarities of the nuclear shell structure, and of Bqf ; both
B∗fus and Bqf depend on the entrance channel of reac-
tions under consideration;
– due to the large difference between the Q−values
of these three reactions leading to the 216Th∗ CN, the
centers of their excitation functions (see Fig.3) are placed
at different values of excitation energy.
B. Comparison of capture, fusion and fission cross
sections for the 40Ar+176Hf reaction
In these reactions under consideration, the evapora-
tion residue cross sections are several orders of magni-
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+ 136Xe (dashed curve, solid squares [3]) reactions leading to
222Th∗.
tude smaller than the fission cross sections (Fig.3). It
means that fission cross section is approximately equal
to fusion cross section. Comparison of the calculated
fusion excitation function and the measured fission exci-
tation function is intriguing when discussing the mecha-
nism of fusion-fission reactions. This has been done for
the 40Ar+176Hf reaction (Fig.3b). In [2], the fission exci-
tation function was obtained from the detection of reac-
tion products of symmetric masses. It should be stressed
that those products could be formed not only at the fis-
sion of a hot CN but at quasifission of DNS which lives
long enough to reach mass equilibration. Experimentally
it is difficult to distinguish between fission of the com-
pound nucleus and quasifission. In [16], the calculations
showed that the contribution of quasifission is increased
with beam energy above the fusion barrier. For this rea-
son, the measured fission data in the 40Ar+176Hf reaction
[2] are closer to the calculated excitation function of cap-
ture (Fig.3a) that is a sum of fusion and quasifission cross
sections.
Therefore, the fact that the measured fission cross sec-
9tion is higher than the calculated fusion cross section
(Fig.3b) could be explained by the sizeable contribution
of quasifission products to the measured fission data [2].
Appearance of difference between the measured fission
and theoretical capture cross sections at energies higher
than E∗ = 55 MeV means that events of capture ac-
companied by the pre-equilibrium emission of neutrons,
protons and α- particles from fragments were not taken
into account in the model under consideration.
C. The reactions leading to 222Th∗
The maximum of the experimental excitation functions
of evaporation residues for 48Ca + 174Yb (IV) [5] is higher
than that for 86Kr + 136Xe (V) [3] (Fig.6c). This fact can
be explained by the large fusion cross sections at excita-
tion energies E∗ higher than 24 MeV (Fig.6b). These
reactions lead to the 222Th∗ CN. Excitation functions of
capture and fusion for the 48Ca + 174Yb reaction are
more than one order of magnitude higher than for the
86Kr + 136Xe reaction.
In Table II, we report the values of the charge asym-
metry, intrinsic fusion barrier and quasifission barrier for
such two reactions leading to the 222Th∗ CN. At exci-
tation energies E∗ of the 222Th∗ CN lower than about
30 MeV, the excitation functions of capture, fusion and
evaporation residue go down for the 48Ca + 174Yb reac-
tion. This energy corresponds to the Coulomb barrier.
Because the Qgg-value for this reaction (-118.35 MeV) is
not as low as for the 86Kr + 136Xe (-186.88 MeV) reac-
tion, the subbarrier region of fusion for the 48Ca + 174Yb
reaction is placed at E∗ < 30 MeV.
By considering the spin distributions of the two reac-
tions leading to 222Th∗ CN, we find a higher contribu-
tion to the fission process for the 48Ca + 174Yb reac-
tion caused by the spin distribution peaked at higher J
spin values. As one can see, the spin distribution of CN
formed in the 48Ca + 174Yb reaction against the beam
energy (Fig.7, top panel) has a larger volume than that
of the 86Kr + 136Xe reaction (bottom panel).
From calculations of survival probability, we find that
in the range of excitation energy between 40 and 60 MeV
of 222Th∗, and for various steps of the de-excitation
cascade, the Γn/Γf ratio values for the
48Ca + 174Yb
reaction are much lower than those for the 86Kr + 136Xe
reaction. The compound nucleus 222Th∗ formed in these
reactions at the same excitation energy E∗ has different
spin distributions which are caused by the dynamical ef-
fects in the entrance channel of the two reactions. Due to
dependence of fissility on spin distribution in ASM cal-
culation, the evaporation residue have different cross sec-
tions. The ratio (Γn/Γf )(V )/(Γn/Γf )(IV ) of the Γn/Γf
values for the 48Ca + 174Yb and 86Kr + 136Xe reactions
at each step of de-excitation cascade ranges between 2.5
and 6.6 × 104. Even if in such an energy range the fu-
sion cross section for the 48Ca + 174Yb reaction is about
1-2 orders of magnitude higher than that for the 86Kr
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TABLE II: Charge asymmetry, intrinsic fusion (B∗fus) and
quasifission (Bqf ) barriers and the fusion factor (PCN ) for
the reactions leading to 222Th∗ CN.
Reactions ηZ B
∗
fus Bqf PCN
(MeV) (MeV)
48Ca+174Yb (IV) 0.56 3.20 5.37 0.065
86Kr + 136Xe (V) 0.20 7.52 4.05 0.027
+ 136Xe reaction, the survival probability Wsur(Γn/Γf )
makes the values of the ER cross section for 48Ca + 174Yb
reaction only a factor 2-4 times higher than the ER values
of 86Kr + 136Xe.
The analysis of the 48Ca + 174Yb and the 86Kr + 136Xe
reactions leading to 222Th∗ CN shows that:
– influence of the mass asymmetry and peculiarities
of the shell structure on the competition between fusion
and quasifission mechanism is strong. Nevertheless the
comparison of the measured data on the cross section
of evaporation residues does not reflect the role of mass
asymmetry of entrance channel. The large difference be-
tween the fusion cross sections was compensated by the
different fissility of nuclei formed in these reactions at
various step of de-excitation cascade;
– the difference between fusion excitation functions
deals with the values of B∗fus and difference between sur-
vival probabilities is connected with the dependence of
fusion cross sections on the orbital angular momentum
in the entrance channel of reactions under consideration.
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IV. COMPARISON OF REACTIONS INDUCED
BY 86KR ON THE 130XE AND 136XE TARGETS
Another interesting phenomenon which was observed
in the comparison of the experimental data for reactions
induced by the 86Kr projectile on the 130Xe and 136Xe
targets is that the ER cross section in 86Kr + 130Xe (II)
was about 500 times smaller than that in 86Kr + 136Xe
(V) (Fig.8c). The experimental and theoretical excita-
tion functions presented in Fig.8c are the sum of the
evaporation residues along the de-excitation cascade for
the neutron emission from 216Th∗ and 222Th∗ CN formed
in these reactions, respectively. It is clear that these dif-
ferences are caused by the excess number of neutrons in
the 136Xe target in comparison with the 130Xe one.
As a result we obtain differences in two characteristics
of the fusion-fission mechanism:
– the fusion cross section calculated using the model
based on DNS concept [14, 16] for the reaction 86Kr +
130Xe is much smaller than the one for 86Kr + 136Xe
(Fig.8b). Therefore, the volume of spin distribution of
CN formed in the former reaction against the beam en-
ergy is smaller than that for the last reaction (Fig.9).
This is because for the 86Kr + 136Xe reaction the intrin-
sic fusion barrier is smaller and the quasifission barrier
is larger than those for the 86Kr + 130Xe reaction (see
Tables I and II);
– the survival probability (Wsur) decreases along the
steps of the 216Th* de-excitation cascade, while Wsur in-
creases along the steps of the 222Th* cascade. This is
because the shell corrections, in average, decrease for the
intermediate excited nuclei after 1n, 2n . . . xn emissions
from 216Th∗, whereas the shell corrections of the excited
nuclei increase after the analogous neutron emission from
222Th∗. Notice concerning to the excitation energy of the
initial compound nucleus, the ER production is more sen-
sitive to the last step of the de-excitation cascade. More-
over, we have to note that at each step (1n, 2n, 3n . . .
xn) of the de-excitation cascade of the initial compound
nucleus, the neutron separation energy Sn at each step
of the 222Th* decay chain is about 1-2 MeV lower than
that at the analogous step of the neutron emission from
216Th*. By comparing the Γn/Γf values at each step of
the cascade of 222Th* and 216Th*, at the same excita-
tion energy of the CN, we find that (Γn/Γf )222Th∗ are
always much larger than (Γn/Γf )216Th∗. In particularly,
the (Γn/Γf )222Th∗/(Γn/Γf)216Th∗ ratio ranges between
2.7 × 104 and 9.1 × 105 for the 4n-channel. Since large
Γn/Γf values correspond to a large evaporation residue
cross section, the excess number of neutrons increases
the survival probability in the 86Kr+136Xe reaction in
comparison with the 86Kr+130Xe one.
V. CONCLUSIONS
The role of the entrance channel in fusion-fission re-
actions was studied intending to account for the differ-
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ence between the experimental data for the 40Ar + 176Hf
[1, 2], 86Kr + 130Xe [3] and 124Sn + 92Zr [4] reactions
leading to the 216Th∗ compound nucleus, and the 48Ca
+ 174Yb [5], 86Kr + 136Xe [3] reactions leading to the
222Th∗ compound nucleus. The results of calculations
in the framework of the DNS concept [14] for the fusion
cross sections, and advanced statistical model [17, 32, 33]
for the total evaporation residue cross sections have been
compared with the measured experimental data for these
reactions. From the analysis of the experimental data
four phenomena were studied:
i) Among reactions leading to 216Th∗, 40Ar + 176Hf
has more larger evaporation residues in comparison with
two others: 86Kr + 130Xe and 124Sn + 92Zr. This result
affirms conclusions of macroscopic dynamical and DNS
models which state that more asymmetric reactions are
favorable to formation of massive compound nucleus. In
MDM, ”extra push” energy, which is needed to trans-
form dinuclear system into compound nucleus, is smaller
for asymmetric reaction than for more symmetric one.
The ”extra push” energy in MDM [10] and the intrinsic
fusion barrier B∗fus in DNS concept [11], (both of which
are a hindrance to fusion) are smaller for an asymmet-
ric reaction than for more symmetric one leading to the
same compound nucleus (top panel, Fig.1).
ii) One of the unexpected phenomenon is that the mea-
sured maximum value of the ER cross section for 86Kr
+ 130Xe (II) is four times smaller than that for 124Sn +
92Zr (III) , nearly at the same E∗ value. This result is in
opposite tendency to the conclusions of MDM and DNS
models. The observed difference between the excitation
functions of evaporation residues for the 86Kr + 130Xe
and 124Sn + 92Zr reactions is explained by the difference
of B∗fus calculated for these reactions using experimen-
tal binding energies of fragments [21]. As one can see in
top panel of Fig.1, B∗fus for the
86Kr + 130Xe reaction is
larger than that of the 124Sn + 92Zr reaction. Therefore,
the fusion excitation function is lower for the former re-
action than for the latter. The calculated partial cross
sections of fusion depend on these intrinsic fusion and
quasifission barriers. The volume under surface σfusℓ (E)
calculated against beam energy for the 86Kr + 130Xe re-
action is smaller than that for the 124Sn + 92Zr reaction
(Fig.5). This created the necessary prerequisites to ob-
tain larger cross sections of the evaporation residue for
the latter reaction in comparison with former one. The
calculated results are in good agreement with the exper-
imental data.
If driving potential is calculated using binding ener-
gies of liquid-drop model (see middle panel of Fig.1), the
intrinsic fusion barriers B∗fus for the
86Kr + 130Xe and
124Sn + 92Zr reactions are almost the same and the fu-
sion cross section for the former reaction will be larger
than for the latter due to differences in quasifission barri-
ers. That would be in contradiction to the experimental
data.
iii) The maximum of the experimental excitation func-
tions of evaporation residues for 48Ca + 174Yb (IV) [5] is
higher than that for 86Kr + 136Xe (V) [3] (Fig.6c). This
fact can be explained by the large fusion cross section
at excitation energies E∗ > 25 MeV (Fig.6b). These re-
actions lead to the 222Th∗ CN. Excitation functions of
capture and fusion for the 48Ca + 174Yb reaction are
more than one order of magnitude higher than for the
86Kr + 136Xe reaction. But due to strong dependence
of the various steps of the de-excitation cascade on the
spin distribution of hot and rotated compound nuclei:
the values of the Γn/Γf ratio for the
48Ca + 174Yb re-
action are much lower than those for the 86Kr + 136Xe
reaction. The two different entrance channels does not
produce the same evaporation residue cross section due
to a different fissility of the compound nucleus 222Th∗.
Different spin distributions σ
(L)
fus are caused by the dy-
namical effects in the entrance channel of the two very
different reactions. Due to dependence of fissility on spin
distribution in ASM calculation, the evaporation residues
have different cross sections.
The comparison of the measured data on the cross sec-
tion of evaporation residues does not reflect the role of
mass asymmetry of entrance channel (Fig.6c). The large
difference between the fusion cross sections was compen-
sated by the different fissility of nuclei formed in these
reactions at various steps of de-excitation cascade.
iv) Another interesting phenomenon which was ob-
served in the comparison of the experimental data for
reactions induced by the 86Kr projectile on the 130Xe
and 136Xe targets is that the ER cross section in 86Kr
+ 130Xe (II) was about 500 times smaller than that in
86Kr + 136Xe (IV) (Fig.8c). The experimental and the-
oretical excitation functions presented in Fig.8c are the
sum of the evaporation residues along the de-excitation
cascade for the 86Kr + 130Xe and 86Kr + 136Xe reac-
tions. These differences are caused by the excess number
of neutrons in the 136Xe target in comparison with 130Xe
one. Analysing the mechanism of these reactions, we
conclude that due to smallness of intrinsic fusion barrier
and largeness of quasifission barrier, capture and fusion
cross sections of reaction with the 136Xe target is larger
than that the 130Xe one (see Tables I and II). The excess
number of neutrons increases the survival probability in
the 86Kr + 136Xe reaction due to increase of values of the
Γn/Γf ratio in comparison with
86Kr + 130Xe reaction.
To analyse fusion-fission process, the fission cross sec-
tions presented in [2] for the 40Ar+176Hf reaction were
compared with the calculated fusion and capture cross
sections. The calculated capture cross sections are in
agreement with the measured fission data [2] up to ex-
citation energies E∗ of about 54 MeV (Fig.3a). Due to
sizeable contribution of quasifission products to the mea-
sured fission data [2], the last are larger than the calcu-
lated fusion cross section (Fig.3b). The deviation of the
calculated capture cross sections from the measured fis-
sion data at E∗ > 54 MeV is connected to the fact that
the pre-equilibrium emission of neutrons, protons and α-
particles from fragments were not taken into account in
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the model under consideration.
In summary, the difference between measured data on
the cross section of evaporation residues for reactions
leading to the same compound nuclei can be explained by
the difference in the excitation functions of fusion or sur-
vival probability of the excited compound nucleus. De-
crease of fusion cross sections is connected by increase
of events coming from the quasifission process. Compe-
tition between complete fusion and quasifission depends
on the dynamics of the entrance channel and the nuclear
shell structure for colliding nuclei. The formation of a
compound nucleus at low excitation energy does not en-
sure the production of evaporation residues with a larger
cross section.
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